Issues relating to the application of the Genetic Algorithm (GA) to Conceptual Building Design are addressed and designer support techniques introduced. Particular attention is given to methods for representing domain knowledge, necessary for creating a general building design model, and techniques that permit the manipulation of both structural and architectural design aspects so that the power of the GA is effectively exploited to support the role of the designer as a decision-maker. An example of a decision support system is presented and its robustness and power of knowledge discovery demonstrated by means of a parametric study. The role of human computer interaction in knowledge discovery is also considered both in the context of a better understanding of the design domain and as a tool to increase user confidence in the outcome. This paper is addressed to readers involved in conceptual building design who have a basic knowledge of genetic algorithms.
Introduction
Structural engineers first used computers to solve mathematically well-defined structural analysis problems (Livesley 1956 ). It was not until the introduction of Artificial Intelligence (AI) in the 1960s (Fenves 1960 ) that attention was given to the more open ended problems of design. Even so, it was still necessary to concentrate on areas, such as detailed design, which had well defined rules capable of being expressed in the form of algorithms. Consequently, the resulting software provided little or no assistance with the more conceptual decision making process associated with design.
The emergence of Knowledge-Based Expert Systems (KBESs) in the 1970s made it possible for design tools to make inferences about supplied information on the basis of 'facts' and 'rules' provided as pre-programmed knowledge. Numerous KBESs relevant to civil and structural engineering appeared in the 1980s and Adeli (1988) considered KBESs to be the most significant outcome of AI research within that decade. The possibility of improving decisions at the conceptual stages of the design process was also considered in the 1980s with Blockley (1982) suggesting the use of optimisation techniques as one way forward.
Whilst rule-based KBESs can help direct a designer's attention to important feasible sub-domains within a design space, their practicality is limited when developing individual or new design solutions (Smith, 1996) .
Many of the limitations of KBESs stem from the difficulty of trying to combine the knowledge of a human domain-expert with heuristics in a computer system. This causes most KBESs to be both domain specific and limited in scope. Thus, in a KBES for building design, it would not be unusual for the construction materials to be specified from the outset. Furthermore, the combination of rules and relationships within the system often leads to the use of what are in effect predetermined problem solving strategies. Consequently, despite the considerable efforts of the creators of inference engines to minimise the problem, the path to a design solution can be very inflexible once the input parameters have been specified.
Thanks to improvements in computer technology, optimisation techniques that were barely practical in the 1980s can now be implemented with relative ease. Of particular relevance to the present work is the development of evolutionary design based on use of the adaptive search technique known as the Genetic Algorithm (GA). Davis (1991) provides a good introduction to GAs and their capabilities up to the early 1990s. Since then they have been increasingly recognised in various branches of engineering both as a powerful tool for the detailed design of complex components and as a high-level decision support technique (Bullock et al., 1995) .
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The GA is a numerical multi-point search technique that can be used to find progressively better solutions to a problem largely through discovery. In design applications, the chosen design parameters are encoded so that each becomes an artificial gene within a genetic string or chromosome. Starting with an initial population of parent designs, new designs are evolved in a reproduction process between design generations. Within this process, selected parent chromosome pairs are artificially mated, using crossover and mutation operations, to create offspring chromosome pairs. By crossover, parent genes associated with favorable design characteristics are combined to produce new offspring chromosomes in which the beneficial genetic information is hopefully retained and improved upon. Mutation changes an offspring chromosome in a way that can introduce characteristics not necessarily present within the parent generation. This enables new sections of the design space to be explored.
For the purposes of evolutionary design, a GA must be linked to a model of the product or process under consideration. This model must both enable each possible design within the chosen design space to be defined in terms of genes and enable the relative performance of different designs to be assessed. The GA generally commences its search of the design space from a number of randomly selected points. Further investigation of the regions near these points is dependent on the relative fitness of the resultant designs. Rejection of parameter combinations which produce unfit designs, preferential reproduction of the more successful combinations and the random generation of new values combine to produce successive generations of designs that tend to be increasingly fit for their purpose.
GAs can offer the designer a relatively quick means of identifying a selection of good solutions. Although problem-specific knowledge is not applied directly when taking decisions as it is in a KBESs, good information can be rapidly exploited. Furthermore, the GA can be applied to many situations that present great difficulty for conventional optimisation techniques. This includes design problems that prohibit the use of gradient methods due to presence of noisy or discontinuous functions. Conventional optimisation techniques are particularly unsuitable in domains that contain multiple sub-optima and such domains are common at the conceptual design of many civil and structural engineering projects.
Truss optimisation was one of the first areas of civil engineering to benefit from GA research (Schwefel, 1989) but other structural components soon followed. Examples include the work of Kousmousis et al. (1994) who used GAs to optimise the design of two-span continuous RC beams and Rafiq et al. (1998) who used them for detailing of RC columns in bi-axial bending. The latter study demonstrated that both technical and practical considerations could be incorporated into the optimisation algorithm. At around this time, a start was also made
Page 4 on developing techniques applicable to conceptual design. Grierson et al (1993) , for example, used a GA for the simultaneous optimisation of both member sizes and geometry of a plane frame, whilst Parmee et al (1993) illustrated how the Structured Genetic Algorithm (SGA), proposed by Dasgupta et al (1991) , might be used in the design of a hydropower scheme. Further work by Parmee and others at the Plymouth Engineering Design Centre led to the development of a number of powerful search and optimisation tools that can be utilised at the conceptual stage of the design process (Parmee, 1996a; Bonham 2000) . Other research of particular relevance to the use of GAs in the conceptual design of buildings includes the work of Grierson el al (1997 ), Kwang and Grierson (1999 , Balling et al (1999) and Sisk et al (1999) .
The current paper extends the evolutionary approach to conceptual building design (CBD) by demonstrating the potential of GA based application-orientated software. This novel approach enables research issues to be addressed from the perspective of a design engineer. Thus, the ability of the GA to model and manipulate a broad range of design problems has been investigated within the context of a decision support system. Although, a relatively simple system for a medium-rise rectangular building is described, the results clearly illustrate how such a system could help designers appraise the relative merits of various design concepts, construction materials, engineering subsystems and architectural forms. The power of more complex systems may easily be imagined.
Concept Generation
Many KBESs have used a knowledge hierarchy to help develop design concepts. The usual approach was based on manual design practices which followed a bottom-up procedure. Thus, the major structural dimensions (building footprint) and grid layout (number and size of bays) were defined in advance of assessment of feasible three-dimensional frame types. Often the choices for the three-dimensional frame were based on alternative, two-dimensional, structural subsystems that provided vertical and horizontal load resistance separately. Element sizing was generally carried out after appropriate subsystems had been chosen.
Prior definition of a building's dimensions and grid layout can severely restrict the number of choices that are available at later stages of the design process as only a limited number of structural systems potentially available may satisfy the predefined arrangements. Where systems are fundamentally very similar, other considerations often cause certain systems to be used widely whilst others are only used infrequently. In the present study, a procedure was sought that could represent the diversity of options that are available for satisfying design criteria.
So as not to complicate the investigation unnecessarily, it was decided to limit the study to rectangular mediumrise office-type buildings with a rectangular footprint. Consequently, the investigation started by determining which options represented the most generic and popular structural systems used in this type of building. In the UK, steel and reinforced concrete (RC) frames are more often used to provide gravity load resistance than timber, whilst masonry is not considered to be a financially viable. Figure 1 shows the hierarchy of the systems selected for inclusion in the current design model. Note that certain floor systems are compatible only with certain types of structural frame.
At the conceptual stage of the design process there is usually very little time to consider all possible (feasible) alternatives before decisions have to be made and resources committed. Thus, it would be extremely advantageous to have a decision support system capable of considering alternative structural systems in parallel.
The fact that different solutions may exist for different floor systems presents a fundamental problem to the normal reproductive processes of the GA. In a standard GA application, crossover strives to combine bits from moderately fit genes to produce higher fitness genes. If alternative structural systems were supported simultaneously, genes belonging to different discrete design solutions would be mixed that are not necessarily compatible with one another. This problem can be avoided by use of a SGA.
Application of a Structured Genetic Algorithm (SGA)
The SGA is a variant of the GA in which compatibility is facilitated by means of a genetic hierarchy that enables alternative components to be maintained simultaneously and included or excluded from the design solution as appropriate. As a result, the chromosomes of an SGA contain two types of gene, parameter genes, which represent design parameters, and switch genes. Switch genes are so called because they act as switches to activate or deactivate different segments of a chromosome. The contents of the active part(s) of the chromosome determine the characteristics of the current design solution whilst the inactive segments lie dormant. If necessary, high-level switches can activate low-level switches so that options become available either through the outcome of earlier decisions by a user or through the operation of the GA.
Like parameter genes, switch genes are susceptible to crossover and mutation. Indeed, crossover and mutation are essential if variety is to be introduced into the design process and apply to the entire content of the chromosome including the inactive part. For complex domains, the chromosome structure can become large and hence relatively inefficient since most of the material is redundant at any particular time. There is also the possibility that crossover and mutation may lead to the premature disturbance of good designs. Practical solutions to these problems have been proposed by Parmee (1996b) but were not utilised in the present investigation.
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Selection of Design Parameters
For present purposes, the SGA switching mechanism is used to accommodate alternative layouts, construction materials, geometry, floor systems and member sizes as illustrated in Figure 2 . The function of each switch gene is listed in Table 1 . The SGA is in turn implemented within a design environment called DPRO which enables some design aspects to be determined by decoding the active parts of a chromosome whilst others can be predetermined, possibly by user selection. Parameters that can be specified by the user include any restriction on the building's height; storey height; required floor area; floor loading; material properties and safety factors.
Dependent design details are obtained by applying standard design procedures coupled with known constraints to the availability of building materials. Thus, for example, the sizes of pre-cast (PC) and pre-stressed (PS) concrete components available from manufacturers are included as discrete data. Similarly, composite steel decking is a structural flooring system that is generally available in only very limited number of short spans (see Table 3 ).
The variables that can be determined directly from a chromosome are listed in Table 2 . These include the dimensions of the building's footprint and structural grid. As previously mentioned, this study confined itself to rectangular buildings and the encoding scheme limits the length and breadth of the building's footprint to 5m increments within a range from 15m to 100m. The total floor area required in the building is specified at the start of the design process as is usual in a design brief. Consequently, the number of floors is a dependent variable calculated from the total required area and the area available at each storey according to the floor plan identified by the GA. Similarly, the building's overall height is calculated from the required number of storeys and an estimate of the floor-to-floor height specified by the user. The number of bays within the structural framework can vary in both plan directions but the spacing of the bays is constrained to be regular. This means that parallel members are always equally spaced as is often the case in practice. The dimensions of each bay are calculated after the dimensions of the building's footprint and the number of bays have been determined by the GA.
When a short-span flooring system is selected, secondary beams are introduced to achieve clear floor space as would be the case in practice. It was found that the presence and orientation of any secondary beams together with the permissible span range of different types of floor system had a significant influence on bay spacing. To limit the variability, and hence the time required to reach a preliminary solution, the dimensions of each bay are limited to whole-metre or half-metre intervals for each type of floor system supported. Corresponding limits are applied to the building's footprint. If desired, these limits can be changed later in the design process.
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DPRO can support greater variation in the magnitude of design parameters than is generally encountered in practice and it was necessary to define a set of limits. In some cases these limits are set beyond the bounds normally deemed economic and practical so as not to over constrain the search space that can be accessed by the GA. For example, the design procedures accommodate very large RC column sections, that are capable of providing massive axial load and moment resistance, so that the computation will not fail if such 'unfit' designs should enter the GA 'population'. This is why some of the size ranges shown in Table 3 extend to abnormally large or small values.
The floor loading can be specified at run-time and was generally assumed to be 3.5kN/m 2 , which is typical for office buildings. Selection of a pre-fabricated structural floor system, from the manufacturers' tabulated data, generally reduces the amount of calculation necessary to determine other loads and component sizes. With composite steel decking, a realistic degree of design variation is catered for by the ability to model either normal weight concrete (NWC) or light weight concrete (LWC). Similarly, with in situ RC floor construction, both the slab depth and the amount of reinforcement are variable.
Once the floor slab has been completed, other components are designed using the standard methods given in codes of practice. It was not necessary to include columns, beams and foundation dimensions in the SGA chromosome as these dimensions are directly dependent upon the loads transferred from the floor slabs to beams, from beams to columns and finally from columns to the foundation.
Beam and column elements are designed in either steel or RC depending on whether a steel or concrete building frame has been selected. The full range and cost of standard UK universal beam (UB) and universal column (UC) sections were made available to the system for concept development of steel-framed buildings. For concrete-framed buildings, it was considered that the size and cost of components could be estimated sufficiently accurately by following in-situ design methods.
The amount of steel required for the main compression and tension reinforcement in RC is determined by graphical interpolation from a series of specially-created design charts. The charts were produced using TK-SOLVER, a parametric design tool, from an analysis of the relationship between beam span, loaded width and the required amount of longitudinal reinforcement, and improved the overall speed of the computation. Whilst a pre-processed simplification such as this was adequate for present purposes, it was recognised that the interrelationships between many more parameters would have to be considered in a real design situation. In a parallel research project, Rafiq et al (1999) have investigated how the required information might be presented in a more complete and precise way through integration of the GA with Artificial Neural Networks (ANNs). The full relationship between many more of the design parameters for RC slabs and beams were modelled successfully in that study.
Human Computer Interaction: An Interactive Design Tool
Computers have been rather slow to infiltrate the realm of decision making process in part because designers fear that they will lose control. Michie et al. (1983) drew attention to the importance of human computer interaction (HCI) and the need to support rather than replace the designer has become steadily more apparent. A decision support system capable of offering choice, transparency, flexibility and robustness will have a greater chance of being trusted and used than one without these characteristics. With this in mind, in the present research, considerable attention was given to HCI issues which facilitate user interaction.
Prior to execution of the GA, configuration of the design domain is supported at two levels, one for the selection of the permissible types of structural system and the other for modifying the values of the design parameters associated with a particular system. Following Pham et al (1993) , who pioneered the visual representation of a design domain in GA research, Graphic User Interface (GUI) tools are used to demonstrate the ease with which changes can be implemented at a high-level. Use of these tools also helps errors to be avoided and enables designers to use the system without prior knowledge of the underlying workings of the program. Figure 3 shows the dialog box used to configure the design domain. The left-hand side of the box contains a tree control which reproduces the design hierarchy detailed in Figure 1 . This tree structure contains all the independent design parameters that define the design domain and appear as genes in the SGA chromosome structure. The tree control provides basic functionality for manipulating the nodes (switch genes) and branches (different design options) in the hierarchy. As a result, this dialog box enables a designer to include or exclude particular design options from the GA search, a facility that is extremely useful in a number of ways. For example, it allows the user to force the search to follow a particular branch of the design hierarchy, which the GA may otherwise reject. Thus, if the GA finds a steel frame to be the best choice in a particular situation, the user can still find out what happens if concrete is used by inactivating the steel-frame switch-gene and thereby forcing the GA to consider the concrete option only. This facility is also useful when the design brief specifies the use of particular construction materials or when the designer prefers, for example, a particular flooring system.
Selection of Structural Systems
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Selection of Variable Ranges
When a node in the design hierarchy is selected (in the tree control), relevant details are displayed in fields above it and to the right-hand side of the dialog box. One field contains a brief description of the gene. Selection of a switch gene yields a general description of the structural alternative, whereas selection of a particular parameter gene causes specific implementation details and its genetic encoding to be displayed in similar manners to Figure   3 . The design domain can be altered by interactively selecting different genes and altering their default details, using a combination of actions which involved clicking with a mouse and editing values in the fields provided.
Modification of Parameter Values
The parameters associated with producing a concept are grouped into three categories: those associated with the operation of the GA; those that affect how a design concept is developed on the basis of chromosomes; and those that affect the determination of fitness. Each set of parameters is handled via a separate dialog box which contains several pages of information. The user can use these facilities to interactively configure the GA options and select values for GA control parameters like Population size, Number of genes, Crossover and Mutation Probabilities. The available options include roulette wheel and remainder stochastic sampling selection; onepoint and two-point crossover methods; seeded random numbers and random numbers generated using the system clock; and elitism and tournament pre-selection.
Cost Modelling
Cost modelling is a field in its own right and has been the subject of much study. However, few studies have incorporated cost information for generative design purposes to the extent attempted in this research. Both the capital cost of the structure, including the structural frame, building envelope and foundations, and the cost of land purchase were considered. However, services were not considered in detail and no explicit provision was made for car parking. Expected revenue income and building service life were introduced in a very general way to differentiate the profitability of different design concepts.
Costs functions were created to provide a relative measure of the fitness (or suitability) of different layouts and structural systems. The DPRO system enables unit costs to be updated or modified at run time via dialogue boxes. Individual property pages are provided for the component and material costs associated with structural steelwork; in-situ RC; pre-cast RC; pre-stressed concrete; roofing; external cladding; foundations and the purchase of land. The perceived revenue income that the building could be expected to generate is included in £/m 2 /year.
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The unit cost data used in the present study were developed from standard cost literature supplemented with information supplied by a firm of collaborating Chartered Quantity Surveyors. The values selected were intended to represent the total cost of a particular structural system or component including the cost of storage and cost of labour needed in fabrication, fixing and finishing. Consequently, the estimates were somewhat coarser than those typically used for costing a real project. Furthermore, actual construction costs may vary considerably from those used in these case studies due to fluctuations arising from inflation, material shortages and bulk purchasing or other reasons. In practice, data would have to be derived from current building projects and the values presented in this paper are for illustrative purposes only.
Designer Interaction
The ability both to switch any branch of the design hierarchy on or off and to change parameter values and costs enables parametric studies or the investigation of different design scenarios to be conducted quickly and easily.
This can lead to the discovery of new knowledge and a deeper understanding of the processes involved.
GUIs that contain graphical controls, and the Object-Oriented Programming (OOP) mechanisms used to implement them, have empowered users even where automatic processing is involved. Accessibility raises user confidence. As well as offering greater interaction, from a user's perspective GUIs can help make computerised 'closed black box' processes more transparent. This is even more valuable for an unconventional and stochastic adaptive search method such as the GA than for more familiar software like CAD programs.
The kind of support that it is appropriate to provide during the operation of a GA depends greatly on how it is to be used and by whom. It is one thing to show that the GA performs well in respect of specific test problems and another to demonstrate that the technology can be transferred to a viable, general-purpose design tool. In this research, the benefits of versatility were more important than computational speed. Thus, just as the designer could be involved in the configuration of a design problem, similar interaction was extended to the execution of the GA by making it possible to initiate the GA upon command from within the decision support system. As a result, the designer is not necessarily a passive observer in the search process but could be an active one, capable of interpreting results and adjusting them for practical gain. Various ways were considered in which the designer might co-operatively produce suitable concepts. This started with consideration of basic means of providing feedback so that the performance of the GA could be monitored and progressed to consideration of ways of enhancing this feedback so that it both suited the designer's needs and permitted interaction.
In the final system, interactive controls make it possible to advance the GA and then pause after a certain number of runs, generations or steps. Not only are various levels of diagnostic detail available at each pause but, if desired, the process can then be advanced at a speed the user can follow. The design model accessed by the GA can also be used either to evaluate an individual design input directly by a user or to conduct an exhaustive search. Furthermore, both selective and exhaustive searches can be conducted within a specified sub-domain.
The system also supports a review mode so that, instead of invoking the GA, any individual concept can be reloaded and re-examined. Since each design is defined by its chromosome, this is easily achieved by keeping a record of the chromosomes generated by the GA.
Tracing the evolution of optima during a whole GA operation is an important facility which greatly enhances a designer's knowledge of the design process. Backtracking the evolution of a design can also draw attention to regions of the search space that are worthy of further attention. Sometimes, practical solutions that incorporate configurations similar to those selected by the GA can be refined on the basis of the designer's experience. In the present case, the convergence graph view was modified to include OOP which provides post-processing support so that it is possible to examine design concepts generated during a GA run by cursor picking. When the mouse is clicked at a point on the graph, the chromosome corresponding to that point is retrieved, re-evaluated and resulting design details shown in a second window. An example of the use of this facility, which is also available when a GA run is paused, is presented later on in Figure 6 and Table 4 .
Examples and Capabilities of the CBD System
The traditional approach to building design is the so called bottom-up approach in which designers specify some of the essential requirements in order to satisfy the design brief. Normally, the design brief contains conditions that support the use of certain dimensions (e.g. building foot print and architectural grid layout), structural systems and materials whilst precluding or discouraging other alternatives. It becomes the duty of the design team to seek highly satisfactory solutions that satisfy specific design requirements.
The opposite of the bottom-up approach to design is the so called top-down approach. At the start of a CBD activity, the designer may welcome any advice and/or suggestions that help to identify useful design alternatives.
In this approach, important, high-level knowledge with implications for lower-level options is synthesised in order to reduce the size of the refined large search space. Early awareness of favourable construction options and potential conflicts are amongst benefits reported of the top-down approach. Where choices exist, it is beneficial to assess the implications before making a decision. When selecting a floor plan, for example, it
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would be very helpful for an architect to know the effect of a particular choice on the structural systems. An example of the versatility of the GA adopting a top-down approach is presented in the following example.
Top-Down Design
For the purpose of this illustration it was assumed that a large, speculative office building was required to provide 40000m 2 of occupancy space with an imposed loading of 3.5kN/m 2 . It was also assumed that the land would cost £5000/m 2 ; that the structure would generate an annual income of £80 per square metre of net letable floor space (i.e. £80/m 2 /yr) and that the design /service life was 25 years. The problem was formulated for the maximisation of profit, where profit was determined by subtracting the capital cost of the structure from the total income.
The design scenario permitted the use of any of the alternatives identified in Figure 1 and Tables 2 and 3 .
Furthermore, since there was no stated restriction on the building's internal or external dimensions, a so called 'green field development' was allowed in which the footprint, grid configuration and height of the structure could be detailed by the GA. In practice, a structural grid that leads to an excessive number of columns significantly increases the amount of lost (non-letable) space near columns. This was taken into account during the fitness evaluation of each design by assuming that utility would be affected up to 0.5m away from a column and applying an appropriate reduction to the net available floor space. The floor space requirement was intentionally set to a high value so that there would be scope for generating different design concepts. (A lower requirement would provide fewer geometric alternatives). For example, if the land cost were high, there would be a tendency to generate high-rise structures with a relatively small footprint, which are uncommon in the United Kingdom. Figure 4 shows the convergence plots of the best (most profitable) solutions produced by a series of four runs.
Binary encoding, remainder stochastic sample selection, two-point crossover, elitism and tournament preselection were all employed in producing these results. The probabilities of crossover and mutation were set at 0.80 and 0.02 respectively, the population contained 50 chromosomes and each run was terminated after 30
generations. Rapid convergence can be seen to be taking place within the first 10 generations, as is characteristic of a GA. By generation 30, two of the four runs identify a common solution. The best solutions produced in each of the four runs have absolute fitness values of £72,086,730, £72,086,730, £71,954,230 and £71,917,880. Exhaustive search was used to check the solution obtained by the GA and the optimum solution found to have a fitness value of £72,086,730 as achieved twice by the GA. In one run of the GA, the optimum solution was reached by generation 11 and in the other by generation 24. The exhaustive search took nearly 6½ hrs to
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examine the 262144 possible combinations of designs parameters available in this test whereas each run of the GA performed 1500 evaluations and took less than two minutes. Thus, one GA run was equivalent to evaluating 0.6% of the entire design space whilst four runs represented a search of only 2.3% of the entire design space.
Some of the main features of the optimal design solutions are summarised as follows: -Frame type:
steel.
Floor system: composite steel decking. Building Dimensions: 35m x 20m footprint, 165m tall. Grid sizes:
4 bays at 8.75m by 3 bays at 6.67m.
Secondary beams: at 2.23m Number of Floors:
58.
The sizes of the steel columns sections changed at four-storey intervals. Figure 5 shows details of primary and secondary beams for this design. Two secondary beams were introduced per panel (bay), parallel to the short span direction to accommodate the short span steel-deck floor. Figure 6 illustrates the way in which the fitness (profit) of the best design produced during one run of the GA improved between generations whilst Table 4 lists partial details of the design progression. Points (d), (e) and (f) show the effect of the different structural systems identified by the SGA switch mechanism.
Parametric Study: Variation in Land Cost
As mentioned previously, there were 262144 possible combinations of design parameters in this test (though not all are necessarily feasible or unique). When combined with variations in unit costs and structural design parameters there was massive scope for parametric study. Only one example, concerning the variation in land cost, will be considered here.
The cost of land can vary greatly. At one extreme, in urban areas where land is in short supply, the cost can be enormous. Manhattan Island, New York and Hong Kong are prime examples. At the other extreme, land may be plentiful and/or may be made available at generous rates to encourage business growth. This more likely occurs away from city centres and might be encountered at a green-field site or on a brown-field business park.
To illustrate the way in which the cost of the land influences the design, an office building with the same specification and lack of constraints as before will be considered. Three cases are examined, Case I, Case II and Case III, in which land cost is set at £1000/m 2 , £2500/m 2 and £5000/m 2 , respectively. Optimal cost design solutions are shown in Table 5 
Conclusions
The special ability of a SGA to maintain alternative chromosome structures has been used successfully to develop a decision support system for the conceptual stage of the building design process. With such a system it is possible to investigate concurrently designs that use different configurations, construction methods and materials. Attention can then be drawn to the options that are the most promising. Incorporation of graphic user interface and object oriented programming tools within the system allows flexibility, robustness and extensive user interaction at various levels. This adds transparency to the otherwise 'black box' operation of a GA and facilitates investigation of various aspects of the design more clearly than would be possible without these tools.
The ability to trace back the evolution of a design through a number of GA runs is seen as particularly important as it can draw attention to regions of the search space that are worthy of further attention.
A GA based decision support system can also be used for parametric studies into how changing the value of one design parameter will affect the selection of other parameters when seeking an optimal overall design.
Knowledge discovered through the effective use of this facility can lead to a better understanding of way in which parameters interact. Provision of such insight could greatly improve the performance of multidisciplinary design teams in which some members do not initially appreciate the full consequences of the features they propose. By understanding the impact of each element on the overall design, it should be possible to reach an agreed solution more efficiently.
The costs functions used in this paper to measure of the fitness (or suitability) of different design concepts only considered the capital cost of the building and the expected revenue income within the building's service life.
The fitness evaluation could be adapted to reflect life-cycle costs by including maintenance and running costs in the cost model. Detailed cost modelling would also take account of the costs associated with design consultancy, site investigation, borrowing, repayment and interest rates. Although beyond the scope of the present study, it would be relatively easy to incorporate such considerations into the evaluation thereby improving the effectiveness of the overall approach presented here. Interactive tools of this type would be extremely valuable to architects or engineers at the conceptual design stage when there is very little time available to consider alternatives before significant resources are committed and irrevocable decisions start to be made. 
